Abstract Knowledge of muscle forces and joint reaction forces during human movement can provide insight into the underlying control and tissue loading. Since direct measurement of the internal loads is generally not feasible, non-invasive methods based on musculoskeletal modeling and computer simulations have been extensively developed. By applying observed motion data to the musculoskeletal models, inverse dynamic analysis allow to determine the resultant joint torques, transformed then into estimates of individual muscle forces by means of different optimization procedures. Assessment of the joint reaction forces and other internal loads is further possible. Comparison of the muscle force estimates obtained for different modeling assumptions and parameters in the model can be valuable for the improvement of validity of the model-based estimations. The present study is another contribution to this field. Using a sagittal plane model of an upper limb with a weight carried in hand, and applying the data of recorded flexion and extension movement of the upper limb, the resultant muscular forces are predicted using different modeling assumptions and simulation tools. This study relates to different coordinates (joint and natural coordinates) used to built the mathematical model, muscle path modeling, muscle decomposition (change in number of the modeled muscles), and different optimization methods used to share the joint torques into individual muscles.
Introduction
Knowledge of muscle forces and joint reaction forces during human movement can provide insight into the underlying neural control and tissue loading, and can thus be of great importance for the design of prostheses, development of post-operative regimes, and assessment of risk of damage of ligaments during various sport activities. Since direct measurement of the internal loads is generally not feasible, non-invasive methods based on musculoskeletal modeling and computer simulations have been extensively developed [1] [2] [3] .
The inverse dynamics technique applied to musculoskeletal models is used extensively to calculate the muscular joint torques required to generate an observed motion. Since this gives only a very general information about intensity of the required actuation, the muscular loads are then shared, by means of static optimization procedures [4] [5] [6] [7] , into the individual muscles whose tensile forces acting on the bones (via tendons) exert moments about the joints of the skeletal system. Assessment of internal loads within the joints, influenced by the muscle forces, is further possible. Irrespective of the lack of studies reporting successful experimental validation of the model-based estimates of muscle forces, a continuing interest and substantial progress in the development of musculoskeletal systems modeling, identification and simulation is observed [5, 6, [8] [9] [10] [11] [12] , devoted to improving accuracy of the solutions.
The muscle force estimates resulted from the inverse dynamics-based static optimization are sensitive to various issues [6] . Several investigations studied the sensitivity of the results to anthropometrical parameters used in the human models. Important is accurate identification of the origin and insertion points [13, 14] and the muscle paths relative to the skeleton [13, 15, 16] , which determine the muscle moment arms around the joints, and as such, increase/decrease the muscle force estimates. The magnitudes of muscle force estimates are also sensitive to the muscle maximum isometric stresses and physiological cross-sectional areas [17] . Inclusion of a model of muscle-tendon dynamics can also have significant effects on the results [10, [17] [18] [19] . Multiple objective functions applied in the optimization have also been proposed and tested with respect to muscle force sharing problem [4] . Finally, accuracy of the experimental data used within the model is proven to be of paramount importance for the accurate muscle force estimations [20] . A thorough discussion on the mentioned aspects of model-based estimation of muscle forces exerted during movements, with a wide review of the literature in the field, is provided in [6] .
Comparison of the muscle force estimates obtained for different modeling assumptions, different objective functions used in the optimization methods, and slightly altered parameters and/or experimental data used in the models can be valuable for the improvement of validity of the model-based estimations. The present study is another contribution to this field. Using a sagittal plane model of an upper limb with a weight carried in hand, and applying the data of recorded flexion and extension movement of the upper limb, the resultant muscular forces (and joint reaction forces) are predicted using different modeling assumptions and simulation tools, and the results are compared to each other. Two different mathematical models of the limb are tested, derived, respectively in joint and natural coordinates. Influence of modeling of musculotendon paths near the joints is then examined, the problem raised previously in, e.g. [13, 15, 16] . The comparative study include also influence of muscle decomposition (change in number of the modeled muscles), and different optimization methods used to share the joint torques into the individual muscles.
The upper limb model
The upper limb musculoskeletal model used in this study is seen in Fig. 1 . It is designed as a planar kinematic structure composed of the arm (segment S1) and forearm together with a weight carried in hand (treated as one segment S2) connected by the elbow (ideal hinge) joint E, and then attached to the trunk (segment S0) through the shoulder (another ideal hinge) joint S. The S joint follows a specified in time (measured) motion r Sd 
T , and the n = 2 coordinates that describe the upper limb position are q = [ϕ 1 ϕ 2 ]
T , where ϕ 1 and ϕ 2 are angles that measure deviations of the segments from the vertical downward positions. The multibody system is actuated by k = 8 muscles, numbered from m1 to m8 in Fig. 1 , and as such the system in overactuated, k > n.
It was long since it had been documented that assumptions used to define the musculotendon paths (and consequently moment arms) near the joints are of critical importance for the musculoskeletal model behavior and reliability of the consequent muscle force estimates [13, 15, 16] . In many applications, the musculotendon paths are defined as the lines connecting the actual origin and insertion points of the muscles. Such practice is neither physiologically grounded nor mechanically correct, however. The mechanical consequence is that, in some particular configurations, the muscle force arms with respect to the joints may be very small or even vanishing. These effects make estimation of muscle forces ill posed or at least unreliable at these specific configurations. The situation is illustrated in Fig. 2 for muscles m5 (attached to S0 and S2 segments) and m6 (attached to S1 and S2 segments). While in configuration seen in Fig. 2a , the muscles can exert moment about the elbow joint E, and as such can contribute to the torque required to accelerate extension (or decelerate flexion) movements in the joint, in configuration seen in Fig. 2b , this would require very large/infinite muscle forces due to the fact that their moment arms with respect to the joint are vanishing.
The effective musculotendon path model is defined by assuming effective origin and/or insertion points and drawing a straight line between these points. Implicit in this model is that, in the neighborhood of the joint, the muscle path arcs around a cylindrical (spherical in 3D models) shell so that a certain moment arm is reached irrespective to the relative configuration of segments of the musculoskeletal model. The effective path model for muscles m5 and m6 crossing the elbow joint E is illustrated in Fig. 3 . Now, the muscles can exert moment about the joint in the whole range of the joint angle. Evidently, the muscle path Fig. 1 The upper limb musculoskeletal model Fig. 2 The origin-insertion model of muscle path Fig. 3 The effective muscle path model model influences the effective muscle length, and the effective origin/insertion points need to be specified (and redefined) for each configuration. There is always some modeling effort concerned with these 'geometrical' issues, which will not be reported in this contribution for shortness.
The muscle moment arms, derived from musculoskeletal anatomy, may or may not depend on joint angles. In the upper limb model used in this study, reassumed in Fig. 4 , constant and equal values of radiuses defining the force arms of muscles m4, m5, m7, and m8 with respect to the shoulder joint S were assumed, r S4 = r S5 = r S7 = r S8 = 25mm. The radiuses r Ej of muscles m1, m2, m3, m4, m5, and m6 that exert torques about the elbow joint E, j = 1, . . . , 6, were taken after [21] [22] [23] as dependent on the relative angle α between the arm and forearm, which is represented in Fig. 5 . In calculations, the characteristics were used in the form of cubic polynomials
and the coefficients a j , b j , c j , and d j are reported in Table 1 . The physiological cross-sectional areas A j (abbreviated hereafter from PCSA j ) used in calculations for the muscles m1, . . . , m8 are seen in Table 1 . Then we assumed the same physiological allowable minimal and maximal values of muscle stresses for all the muscles, respectively, σ min = 0.01 MPa and σ max = 0.75 MPa, which determine the allowable minimal and maximal values of muscle forces, F j min = A j σ min and F j max = A j σ max . Finally, in Table 2 , the geometric and inertial parameters of segments S1 and S2 are represented. 
Mathematical modeling
For comparison reasons of this study, two qualitatively different mathematical models of the upper extremity were built, which introduce the dynamic equations derived in terms of, respectively, joint coordinates and natural coordinates. While the first coordinate type is commonly used in biomechanical system modeling [1] [2] [3] [24] [25] [26] , implementations of the other coordinates in biomechanics are rather rare [5, 12, [27] [28] [29] . By comparing the m7: simulation results obtained using these two mathematical models, one can easily eliminate possible defects in the models. Apart from this aim, the virtual objective of this study was to verify a supposition that the optimization results may depend on the choice of type/number of variables used to describe configuration of biomechanical models, which influence the structure and number of the dynamic equations that arise. The general schemes for deriving the dynamic equations of biomechanical systems, especially for planar structures such as that studied in this paper, are evidently not new and well documented in the literature. The present formulations for the upper limb planar model were built using the codes described previously in [26] and [29] , when using, respectively, the joint and natural coordinates. Therefore, in the following, we recall only the basic ideas of the methods, which are necessary for completeness of this presentation, and concentrate more on the details related to the upper limb model at hand.
Dynamic equations in joint coordinates
The dynamic equations of the upper extremity upon study, in terms of n = 2 joint coor-
T (Fig. 6a ), can conveniently be derived using the projective scheme described in [26] . Following this procedure, the starting point are the dynamic equations
T , where x Ci , y Ci are the coordinates of the mass centers C i in the inertial frame XY , and θ i are the orientation angles (here θ i = ϕ i ) of upper extremity segments S1 and S2 (Fig. 6b ). More strictly, from the dynamic equations in p, which can generally be written as T contains the constraint reaction forces. Neither expanded forms of constraints (p) = 0 nor C are of use in the sequel, however, and they need not to be formulated at all.
As seen, the formulation of M and f g is evident. The formulation of B is a little more challenging [26] . Let us illustrate this for the case of B (1) -the first column of B related to σ 1 (F 1 ). The force F 1 is attached to segments S1 (effective origin point O 1 ) and S2 (insertion point I 1 ); see Figs. 7a, b. The inertial frame coordinates of O 1 and I 1 are:
where x S and y S are the inertial frame coordinates of the shoulder joint S,
T are the coordinates of O 1 and I 1 in the local coordinate frames Sξ 1 η 1 and Eξ 2 η 2 , respectively, and l 1 is the length of S1 (distance between S and E joints). The first column of B, which defines the generalized control force due to
where the positions r C1 = [x C1 y C1 ]
T and r C2 = [x C2 y C2 ] T of mass centers C 1 and C 2 , respectively, can be determined from (3) using
The muscle forces acting on the segments
T , and the sine and cosine of α 1 (the muscle line inclination angle with respect to the vertical) are:
Following this procedure for the other muscles, all m columns of B can be found, and then
In further derivations the augmented joint coordinate method [30] is applied, which proves especially useful for planar biomechanical models both to obtain the dynamic equations in joint coordinates and to determine the joint reactions [26, 31] . In short, while the traditional joint coordinate scheme [32, 33] uses the relationships between the (dependent) absolute coordinates p and the (independent) joint coordinates q, which are p = g(q) + η(t) for the case at hand and express the joint constraint equations given explicitly [32] , the augmented form of the relationships is
where z are the open-constraint coordinates that describe the prohibited relative motions in the joints (Fig. 6b) , and the drift in time η(t) is induced by attachment of the upper extremity to the moving support S, whose motion is specified in time, r Sd (t) = [x Sd (t) y Sd (t)] T . Actually, since z = 0, (7) is virtually equivalent to p = g(q) + η(t), and the dependence on z is introduced only to grasp the prohibited directions related to z, which are also the directions of the respective constraint reactions λ [30] . A useful feature of the present formulation is also that the open-constraint coordinates need to be introduced only in those joints in which the reaction forces are to be determined. As an example, let us 'open' only the E joint, and keep 'closed' the connection in the S joint. As such, we involve only z * = [z 3 z 4 ] T , seen in Fig. 7b , and the related l * = 2 constraint reactions in the joints are λ
The augmented form of the explicit constraint equations (7) allows one to introduce two matrices that are used in the further formulations, i.e.,
The N × n (6 × 2) matrix D, which arises also from the traditional formulation p = g(q) + η(t) as D = ∂g/∂q, is an orthogonal complement matrix to the l × N (4 × 6) constraint matrix C introduced in (2) , that is CD = 0 ⇔ D T C T = 0. By introducing then γ (q,q, t) = Dq +η, which arise fromp = Dq + γ , the dynamic equations in joint coordinates q are produced in the following generic matrix form
whereM = D T MD is the n × n (2 × 2) generalized mass matrix related to q,d = D T Mγ and f g = D T f g are the n-vectors of generalized forces due to the centrifugal accelerations and gravitational forces, respectively, andB = D T B is the n × m (2 × 8) matrix of distribution of control inputs σ in the directions of q. The l * = 2 constraint reactions λ * in the directions z * can then be determined from (see [26, 30, 31] for more details)
As seen, what is needed for the derivation of dynamic equations in q, in the symbolic form of (10), are M, f g , and B from the absolute coordinate dynamics formulation of (2), and then D and γ arising from p = g(q) + η(t) as D = ∂g/∂q and γ =Ḋq +η. The augmented form (7) of the explicit constraint equations, p = g(q, z * ) + η(t), leads to the effective formula (11) for determination of reaction forces in the selected joints (where z * are introduced). Following the formulation (8) for the studied upper limb, the related matrices D and E * are:
and the n-dimensional vector γ =Ḋq +η can then easily be obtained after derivingḊ from D, and introducing ...
Dynamic equations in natural coordinates
In this formulation, the human upper extremity model is described by six natural coordinates (x i , y i ), i = 1, 2, 3, which are Cartesian coordinates of the basic points seen in Fig. 8 (located at the S and E joints, and at the wrist point W ). As before, the (effective) origin and insertion points of the muscles are defined in the local reference frames attached to the arm (Sξ 1 η 1 ) and forearm (Eξ 2 η 2 ). The gravitational and the muscle forces exerted on the segments need then to be distributed between its basic points [34] . Using then = 6 natural coordinates x = [x 1 y 1 x 2 y 2 x 3 y 3 ] T , the dynamic equations of motion for the model can be written in the generic form Mẍ =f g +f m −Ĉ Tλ (13) whereM is the global mass matrix of the system,f g is the vector of gravitational forces,f m denotes the vector of muscle forces,Ĉ is the Jacobian matrix of constraints on x,ˆ (x, t) = 0 andĈ = ∂ˆ /∂x, andλ is the vector of associated Lagrange multipliers. The vector of Lagrange multipliers is proportional to the reaction forces associated with the kinematical constraints originating from the constant distance conditions between two successive basic points, and from the rheonomic constraints imposed on the shoulder joint motion, i.e.,
where l 1 and l 2 are the distances between the basic points, and r
Sd (t) = [x Sd (t) y Sd (t)]
T is the description of motion of the shoulder joint which coincides with the first basic point. Note that, in the Lagrange multipliersλ = [λ 1λ2λ3λ4 ] introduced in (13),λ 3 andλ 4 stand for the horizontal and vertical components of the reaction force in the shoulder joint S, and λ 1 andλ 2 are associated with the internal forces in segments S1 and S2 (note thatλ 1 and λ 2 are not physical forces), respectively, between the S and E, and E and W points. The multipliers can then be used to calculate the reaction force in the elbow joint E. For a more Fig. 8 The upper extremity model defined in terms of natural coordinates detailed discussion on the problem of determination of joint reactions related to natural coordinate formulations, the reader is referred to, e.g. [5, 34] .
The components of (13), expressed in an expanded form, are as follows [34] :
where
The individual muscle forces, set as F j = σ j A j (j = 1, . . . , 8) , are distributed in the following way: 
where as before σ = [σ 1 · · · σ 8 ] T . The coefficients f ij (i = 1, . . . , 6, j = 1, . . . , 8) which cast the muscle forces into the directions of natural coordinates can be expressed as follows:
where α j is the angle between the line of action of force of muscle j and the vertical axis of the global reference frame, the same as those introduced in (5) but defined now with the use of x (which will not be reported here for shortness), and (ξ j s , η j s ) are the coordinates (in the local reference frames Sξ 1 η 1 and Eξ 2 η 2 ) of the effective origin/insertion points of muscle j at segment S1 (s = 1) or S2 (s = 2). The symbolic form of (13) is finallŷ
Kinematic data used
The actual performance of flexion-extension movement of the upper limb with a weight (m w = 2.5 kg) carried in hand was recorded using a set of digital cameras, and the sampling frequency of measured data was 50 Hz. By tracking the positions of markers placed at the S, E and W points (Fig. 8) , we obtained this way first the discrete trajectories x * d (t) with K = 90 points for the recorded movement period t K = 1.79 s, and then calculated q *
d (t). The discrete trajectories were then approximated using cubic splines to generate the continuous q d (t) and x d (t), respectively, and, on this basis,q d (t) andq d (t) (ẋ d (t) andẍ d (t))
could be obtained. Smoothness of the characteristics was further improved by applying the procedure once again, that is, using a bigger number (K = 360) of points from the firstfit approximation as input data for the second approximation. In this way, the sampling frequency of 'measured' data was 'improved' to 200 Hz, which is of special importance for improvement of smoothness ofq d (t) andẍ d (t), being by assumption linear function between the data points when q * d (t) and x * d (t) are approximated by splines. Some of the resulted data used in the inverse dynamics simulation are seen in Fig. 9 .
Muscle force estimation
As defined above, in this study, muscle stresses are considered as controls of the developed upper extremity model,
Due to the control overactuation in musculoskeletal systems, the (redundant) control problem is usually solved using optimization techniques [1] [2] [3] [4] [5] [6] [7] [35] [36] [37] [38] that apply some predetermined criteria to share the muscular joint torques from the inverse dynamics analysis into the individual muscle efforts. Most often, the redundancy of muscular load sharing is addressed by minimizing a cost (or objective) function appropriately selected for the movement under investigation.
Referred to the dynamics formulation in joint coordinates, (10), the optimization problem can be stated in the following way:
where J is a chosen cost (objective) function, σ min and σ max are the physiologically allowable minimal and maximal values of the muscle stresses, and q d (t),q d (t), andq d (t) are the measured motion characteristics. In this way, σ d (t) are found that minimize the cost function J (σ ), subject to both the equality constraintsBσ =Mq d +d −f g given by the equations of motion and the additional boundary condition σ min ≤ σ ≤ σ max . When referred Fig. 9 Examples of motion characteristics used in calculations to the dynamics formulation in natural coordinates, (19) , the optimization problem modifies to
where 
(t).
A range of cost functions have been introduced in the literature, followed different (physiologically based) criteria; see, e.g. [4] and [6] for their reviews. For the control problem stated in this contribution, we applied the cost function proposed by Crowninshied and Brand [37] , which is one of the most frequently employed due to its physiological background related to muscle fatigue, (22) and the power values examined in the sequel were p = 1, 2, 3, 4 , . . . , P . Other alternatives are
in which the muscle forces F j = σ j A j are directly applied, and
where v j is the shortening velocity of muscle j , and in which the muscle powers N j = F j v j are applied. With reference to the joint coordinate formulation of (10), we tested also the pseudoinverse method motivated in [1, 39] , which allows one for a unique mathematical solution for
pseudoinverse (Moore-Penrose generalized inverse [40] ) of the rectangular n × m (2 × 8) matrixB. As proved in [39] , the pseudoinverse technique automatically computes the solution which minimizes the quadratic form (p = 2) of Crowninshield-Brand function given in (22) . Evidently, since both positive and negative muscle forces may be delivered from (25) , a post-processing procedure needs then to be applied to keep all the muscle stresses within the boundary constrains σ min ≤ σ ≤ σ max (see, e.g. [26] where the pseudoinverse methodology together with such a post-processing procedure were applied).
Comparative analysis

Joint versus natural coordinates
There has recently been observed [41] that optimization solutions may depend on the choice of the coordinates used to describe configuration of biomechanical models. For a fivedegree-of-freedom planar musculoskeletal model of human lower extremity, composed of three rigid bodies and actuated by nine Hill-type musculotendon units, a parametric optimization problem was solved using two dynamic formulations: one defined in joint (generalized) coordinates and the other defined in natural coordinates. An advanced muscle model was considered, including its force-length-velocity properties as well as the activation and contraction dynamic characteristics. The parametric optimization problem was then solved for 671 and 854 design variables, respectively, in the generalized and natural coordinate environments. The individual muscle force distribution during raising a leg up occurred to be different for both solutions. Since the searching spaces for optimal solutions differ in dimension, one of the final conclusions in the mentioned paper [41] was that the computed differences stem from the numerical reasons. In this study, we intended to verify these observations using the two musculoskeletal models of the upper extremity, defined in joint coordinates q (Sect. 3.1) and natural coordinates x (Sect. 3.2), respectively.
For the two models, the optimization procedures applied were as defined in (20) and (21), respectively, for the dynamics formulation in q and x, and the cost function used in both cases was that of Crowninshied and Brand defined in (22) for p = 2. The results of the computations are reported in Fig. 10 for muscle forces F 1 , . . . , F 6 (all which exert moments about the elbow joint). As seen, the both optimal solutions match each other quite well. From one point of view, the similar (practically equivalent) optimization results obtained by using different modeling methodologies may be considered as a validation of both approaches and the applied computational codes. On the other hand, the results do not confirm the observation that optimal solutions may depend on the choice of the coordinate system. It must be noted, however, that the upper extremity model used in this study was very simple, and neither the force-length-velocity properties of the muscles nor their activation and contraction dynamics were involved (only 8 and 12 variables were optimized when solving the problem formulated in q and x coordinates, respectively). The models used in [41] were much more complex, and much more variables were optimized. The present observations drawn for the very simple model should not thus be generalized. 
Muscle path modeling
As motivated in Sect. 2, muscle path modeling is of critical importance for reliability of muscle force estimates. This concerns specifically the modeling assumptions used to define the musculotendon paths near the joints, resulted in effective musculotendon path models and their effective origin and/or insertion points, different from the actual ones. In the upper limb model considered in our study, only two muscle attachment points were modeled as fixed in the actual attachment points, that is the origin points of muscles F 3 and F 6 . As seen in Fig. 4 , all the other attachment points are the effective ones, consequent to the modeled muscle moment arms. The simulation results (not reported here for unimportance) proved that the muscle force estimates were practically insensitive to reasonable changes in placement of the origin points of muscles F 3 and F 6 . The situation was totally different when the muscle moment arms were changed-the muscle force estimates were very sensitive to these changes. A specific analysis of this type is shown in Fig. 11 , where the selected muscle force estimates reported previously in Fig. 10 , summarized here in graph (a), are confronted to the results obtained assuming the straight musculotendon lines of muscles m5 and m6 as seen in Fig. 2 (with no muscle moment arms assumed in E joint), the latter seen in graph (b). As seen, due to the vanishing moment arms of muscles m5 and m6 they are unable to decelerate the flexion movement in E joint, see Fig. 2 , and the optimization procedure leads to non-feasible results (negative muscle forces).
Muscle decomposition
Another type of sensitivity analysis is reported in Fig. 12 . Here, we considered the case when muscle m4 (biceps brachii) was divided into two separate (identical) sub-muscles with the same effective attachment points. Now, instead of m = 8 muscles, we considered the optimization procedure for the model actuated with m = 9 muscles. As seen from the graphs, the simulation results are substantially different. Firstly, the sum of forces in the submuscles of m4, obtained from the nine-muscle model, is smaller then the force in muscle m4 Fig. 12 Selected muscle force estimates for muscle m4 divided into two identical sub-muscles obtained from the eight muscle model. The result seems evident as squared muscle stresses were minimized according to (22) with p = 2. Then, in the nine-muscle model, we have two high stresses (which are to be minimized) in the two sub-muscles against one such stress in the eight muscle model. The reduced effort of the two sub-muscles of m4 need then to be compensated by the increased effort of the other muscles who play similar role as muscle m4.
Optimization methods
The last reported example of sensitivity analysis relate the influence of the cost function used in the optimization procedure. In Fig. 13 , we reported the results obtained for the cost function of Crowninshied and Brand introduced in (24) , for the three power values: p = 1, p = 2 and p = 3. If p = 1, the optimization problem is linear, and the muscles with largest product of moment arm and physiological cross-sectional area are recruited first [42] . The courses of muscles m3, m4 and m5 obtained this way differ from the nonlinear solutions (for p = 2 and p = 3), in which the other muscles are recruited as well. By contrast, the reaction forces in elbow joint E, influenced by the muscle forces, do not change considerably for the three cases. We checked also the other cost functions reported in (23) and (24), in each case observing considerable sensitivity of the results to the cost function chosen. Finally, we tested the pseudoinverse scheme reported in (25) together with the post-processing procedure to keep all the muscle stresses within the boundary constrains σ min ≤ σ ≤ σ max . The results were identical to those obtained using the Crowninshied and Brand cost function for p = 2, which is in accordance with the remarks given in [1] .
Conclusion
In this study, we have shown that the muscle force sharing problem can be very sensitive to the modeling assumptions used in building the musculoskeletal models. Of special importance were the assumptions used to define the musculotendon paths near the joints, resulted Fig. 13 Estimates of selected muscle forces and joint reactions using different optimization methods in effective musculotendon path models and their effective origin and/or insertion points, consequent to the non-vanishing muscle moment arms about the actuated joints. The results were also very sensitive to the changes in number of the muscles modeled, obtained for example after decomposing a given muscle into separate sub-muscles. Of great importance was also the choice of the cost function employed in the optimization procedure to distribute the joint torques into the individual muscles. The final conclusion is also that optimization solutions do not depend on the choice of coordinate system, at least for the simple biomechanical model considered in this paper.
